addressed, leaving it unclear as to what control is available over the transient dynamics.
Even more concerning is that the TPA and the free-carrier relaxation are inevitably accompanied by lattice heating, 32 which in turn contributes to the optical modulation via the thermo-optic effect. This contribution is long-lived, because the cooling of the lattice is governed by slow phonon-phonon scattering processes that have nanosecond relaxation times, resulting in an inherent limitation to the switching speed of nanoscale silicon resonators for nonlinear nanophotonics. Here, we present an avenue to overcome such limitations and then demonstrate ultrafast all-optical transmission modulation in a-Si:H with full recovery on the picosecond timescale. Our approach starts from the experimental and theoretical analyses of the large optical nonlinearity exhibited by a-Si:H metasurfaces with anisotropic metaatoms across the whole visible spectrum. Such combined study enables to disentangle the physical mechanisms governing the observed nonlinearity, and quantitatively elucidate the contribution of each to the transient modulation of the anisotropic Mie-like resonances. This allows us to identify the avenue by which slow processes that limit modulation speed can be suppressed by superimposing different nonlinear mechanisms taking place within a given resonance, or even competing effects from two neighboring resonances. These results offer a new premise for exploiting all-dielectric metasurfaces for ultrafast spectral and polarization switching.
A two-dimensional array of a-Si:H nanobricks was manufactured by lithography on a thin a-Si:H film of thickness d = 175 nm, which was grown on a silica substrate with plasmaenhanced chemical vapor deposition (see Methods). An SEM image of the a-Si:H metasurface is shown in Fig. 1(a) . The linear optical response at normal incidence was investigated both experimentally and numerically [cf. We investigate the transient optical response of the a-Si:H metasurface, by broadband polarization-resolved pump-probe spectroscopy. Importantly, the hydrogenated amorphous silicon (a-Si:H) offers much faster relaxation of free carriers in comparison to crystalline semiconductors, 31, 32 hence the possibility for faster optical modulation. Our experimental setup is based on an amplified Ti:sapphire laser (Coherent, Libra) producing 100 fs pulses at 800 nm wavelength. The sample was excited either by the laser fundamental wavelength at 800 nm or by its second harmonic at 400 nm. The probe pulse was obtained by supercontinuum generation, starting from a fraction of the laser beam (see Supporting Information for further details).
We measure the differential transmission (∆T /T ), defined as the difference between the transmitted light spectra at normal incidence with and without the pump, normalized to the transmitted light spectrum without the pump.
We finally develop a theoretical model for the optical nonlinearity. When a pump pulse of intensity I(t) impinges on the a-Si:H metasurface, free-carriers (electrons in the conduction band and holes in the valence band) are generated, at a rate Φ(t) per unit volume, by at a rate γ = 2.3 × 10 −8 cm 3 /s. 33, 34 In order to conserve the energy, each relaxation event occurs alongside phonon generation, which contributes to lattice heating with an energy equal to that of the electron-hole pair. 32 This causes an increase of the lattice temperature Θ with respect to the ambient temperature Θ a . The dynamical properties of the a-Si:H metasurface are thus governed by three variables, the pump pulse incident intensity I(t), the free-carrier density N (t), and the lattice temperature Θ(t). Each of these variables then presides over a different mechanism responsible for the pump-induced variation ∆ of the complex permittivity experienced by a weak probe pulse of wavelength λ, arriving on the metasurface at a time delay t with respect to the pump. This is illustrated in the right panel of Fig. 2(a) : the intensity I(t) translates into a purely imaginary instantaneous ∆ T P A via TPA; the free-carrier density N (t) is responsible for a transient Drude plasma permittivity ∆ F C , having both real and imaginary parts; finally, the lattice temperature Θ(t) induces a thermo-optic modulation ∆ L . Note that the dominant free carrier generation mechanism is linear absorption above the band gap and nonlinear absorption below the band gap. Our three variables are also coupled together by a system of rate equations (see Methods), whose typical evolutions are illustrated in Fig Eventually there can be a sign reversal of ∆T /T , corresponding to a red-shift at long time delays, such as is seen in the dynamics of the Y-pol probe at 645 nm wavelength [green curve in the bottom panel of Fig. 3(a) ]. This is a clear indication that the signal is now not due The instantaneous contribution to the transient optical response due to TPA is now very prominent, such as seen in the orange and green traces in the bottom panel of Fig. 4 
(a).
This behavior is accurately reproduced by the model, as seen in Fig. 4(b) , and is observed also in the ∆T /T map for a X-pol probe, not shown here (see Supporting Information).
No dependence on pump polarization is observed in the transient optical response of the metasurface (as detailed in the Supporting Information), apart from a uniform change in the absolute value of the signal, corresponding to the difference in the anisotropic linear absorption of the pump pulse [cf. dot lines in Fig. 1(d [green curve in the bottom panel of Fig. 4(a) ] and in the simulations at around 739 nm [the 10 nm blue shift is due to the small shift in the linear spectra of Fig. 1(d) and Fig. 1(c) ], where the ultrafast initial peak is followed by the build-up, on the picosecond timescale, of a long-living plateau. This behavior is due to a complete suppression of the contribution arising from the free-carriers, providing zero ∆T /T at this wavelength, as detailed by the green curve in Fig. 4(d) . Similarly, the orange traces and the blue traces in the bottom panels of Fig. 4 correspond to signal wavelengths where the lattice contribution is suppressed in the total ∆T /T , having zero value in the disentangled traces of Fig. 4 (e). In light of the results presented above, we can now outline two further developments for nonlinear anisotropic a-Si:H metasurfaces.
1. When the probe is linearly polarized at an angle α with respect to the X-axis, it will In conclusion, the presented broadband polarization-resolved pump-probe experiments have revealed a complex scenario for the transient optical response of anisotropic a-Si:H metasurfaces excited by intense femtosecond laser pulses. We have introduced a quantitative model for the observed optical nonlinearity spanning the whole visible spectrum, and validated by the experimental data. This allowed us to disentangle the different physical mechanisms presiding over the all-optical modulation capability of the a-Si:H metasurface.
It was found that, despite of the onset of dynamical processes in the a-Si:H material that included very slow thermal effects, a sizable modulation of light transmittance with a full recovery to zero within about 20 ps is achievable in a range of operation windows. Furthermore, the observed ultrafast dynamics can be multiplexed in polarization due to the anisotropy of the metasurface. Our results hence pave the way to the engineering of novel all-dielectric nonlinear metamaterials based on a-Si:H nanostructures, enabling a next generation of ultrafast all-optical nanophotonic devices, including optical switches and polarization rotators.
Methods

Sample fabrication
Arrays of silicon nanobricks were fabricated by electron beam lithography on a polycrystalline silicon film grown on a glass substrate via PECVD technique. The substrate was coated with ZEP (a positive-tone electron-beam resist) and baked at 180 C for 120 s. Patterns of silicon bricks were then defined by an electron beam exposure, followed by a development procedure.
Subsequently, a 10 nm thick Cr film was deposited by thermal evaporation on the substrate, followed by lift-off. The structures were then transferred to the silicon substrates via a reactive ion etch using the Cr bar nanostructures as etch masks. The residual Cr was then removed via wet etching to obtain the pure Si nanobricks.
Nonlinear model of a-Si:H metasurfaces
The optically induced dynamical processes taking place in the a-Si:H metaatoms are quantitatively modeled by the following rate equations:
In above equations, E eh is the energy of the electron-hole pair, equal to hν p for linear absorption or 2hν p for TPA, C = 1.66 J K −1 cm −3 is the a-Si:H volume specific heat which is assumed to be equal to that of silicon, 30 and Φ(t) is the free-carriers generation rate per unit volume that drives the system. The latter is the sum of two contributions, one from linear absorption and one from nonlinear TPA, respectively given by Φ The above equations system is numerically solved for a Gaussian pulse of intensity
, being F the incident fluence and τ p the pulse duration.
The pump incident intensity I is responsible, via TPA, for an instantaneous and dispersionless (i.e. λ independent) variation of the absorption coefficient α of a-Si:H given by ∆α(t) = β ef f T P A I(t). This corresponds to an instantaneous imaginary modulation of the permittivity ∆ T P A (t) = icn (ν p )/(2πν p )∆α(t), where c is the speed of light in vacuum and n (ν p ) is the real part of the refractive index of the unperturbed a-Si:H evaluated at the pump frequency.
The optically generated free-carriers act as a plasma of density N , thus providing a variation ∆ F C (λ, t) = ∆ F C (λ, t) + i∆ F C (λ, t) given by the Drude formulas:
where 0 is the vacuum permittivity, m = 0.12m 0 with m 0 the free electron mass, and Finally, the lattice temperature variation ∆Θ(t) = Θ(t) − Θ a gives rise, via termo-optic effect, to a permittivity change ∆ L (λ, t) = ∆ L (λ, t) + i∆ L (λ, t) given by:
∆ L (λ, t) = 2 [n (λ)η 1 + n (λ)η 2 ] ∆Θ(t),
where n(λ) = n (λ) + in (λ) is the complex refractive index of the unperturbed a-Si:H evaluated at the probe wavelength, and η 1 = dn /dΘ and η 2 = dn /dΘ = κλ/(4π) are the thermooptic coefficients of a-Si:H. We assumed η 1 = 4.5 × 10 −4 K −1 (in agreement with Refs.
30,33) and κ = 80 K −1 cm −1 (fitted on the pump-probe experimental data).
The total ∆ (λ, t) = ∆ (λ, t) + i∆ (λ, t) arising from the superposition of all the different contributions above detailed, is employed to compute the temporal variation of the transmittance spectrum of the optically excited metasurface, ∆T (λ, t), against the transmittance spectrum T (λ) of the unperturbed one. This is done perturbatively according to the formula:
∆T (λ, t) = ψ(λ; pol)∆ (λ, t) + φ(λ; pol)∆ (λ, t),
where the polarization dependent spectral coefficients ψ(λ; pol) and φ(λ; pol) are given by numerical computation of, respectively, the derivatives dT /d and dT /d , evaluated at the probe wavelength (see SI for further details).
